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Introduction {#sec001}
============

*Lophelia pertusa* is the most common scleractinian cold-water coral (CWC) and these sessile filter-feeders form extensive reef frameworks on the seafloor, mostly at a depth range of 300 to 800 m \[[@pone.0146766.ref001],[@pone.0146766.ref002]\]. These CWC reefs are hotspots of biodiversity \[[@pone.0146766.ref002]\] and organic matter processing \[[@pone.0146766.ref003],[@pone.0146766.ref004]\], and occur on banks, ridges and seamounts where nutrient and food supply are comparatively high \[[@pone.0146766.ref005]\]. Yet, the deep sea is considered to be an energy-limited environment \[[@pone.0146766.ref006]\], which may explain why CWCs feed opportunistically on a broad range of resources, including dissolved organic matter, phytodetritus and zooplankton \[[@pone.0146766.ref003],[@pone.0146766.ref007],[@pone.0146766.ref008]\].

Despite their occurrence in an energy-limited environment, CWCs are reported to release significant amounts of dissolved and particulate mucus \[[@pone.0146766.ref009],[@pone.0146766.ref010]\]. As shown for shallow-water corals \[[@pone.0146766.ref011],[@pone.0146766.ref012]\], mucus production by corals may induce a significant energy drain, and so the mucus production by CWCs must have a clear function in terms of fitness and survival. This most likely also holds true for deep-sea corals in warm waters (temperatures exceeding 20°C) but studies on these are so far limited \[[@pone.0146766.ref013],[@pone.0146766.ref014]\]. Tropical and sub-tropical shallow-water corals can take advantage of phototrophic carbon fixation through symbiotic algae (zooxanthellae), and hence, mucus production is relatively inexpensive from a metabolic perspective, whilst all aphotic (both warm-water as well as CWCs) live heterotrophically in the dark ocean and depend on organic matter export from the sunlit surface ocean, making mucus production most likely more costly. In this study we focus on CWCs. Both qualitative and quantitative investigations of CWC mucus production have been performed (e.g. \[[@pone.0146766.ref015],[@pone.0146766.ref016],[@pone.0146766.ref017]\]), but the factors driving mucus production have not been entirely assessed. Mucus production is challenging to quantify and often recorded as qualitative observations. As for tropical shallow-water corals \[[@pone.0146766.ref018]\], mucus production in CWCs appears to occur in response to various stimuli, and studies have reported mucus release by *L*. *pertusa* in response to food stimuli, mechanical and electrical disturbance \[[@pone.0146766.ref016],[@pone.0146766.ref019]\], infestation by other organisms \[[@pone.0146766.ref020]\] and exposure to elevated concentrations of suspended sediment \[[@pone.0146766.ref012],[@pone.0146766.ref017],[@pone.0146766.ref021]\].

A more quantitative and systematic approach to mucus production is needed, but this is hampered by methodological challenges. One important outstanding challenge is the direct observation of mucus production in real-time in 'undisturbed' conditions. Until now, the quantity and composition of the mucus produced has been mainly determined from biogeochemical analysis of post-incubation water \[[@pone.0146766.ref009]\]. However, these biogeochemical data integrate the mucus production over long periods of time, making it difficult to relate production to function. Moreover, the biogeochemical approach cannot be used with certain stimuli (e.g. organic food sources) because these interfere with the biogeochemical analysis. Accordingly, direct microscopic observation of mucus production provides more insight into the functional role of coral mucus. Real-time microscopic imaging of the coral's polyp surface has recently shown a surface mucus layer several hundreds of μm thick in massive tropical shallow-water corals \[[@pone.0146766.ref022]\]. Still, such conventional light microscopy is confronted with an important limitation. Because the mucus is transparent and invisible to light microscopy, one can only infer the production and movement of the mucus by tracking opaque particles (such as graphite \[[@pone.0146766.ref019]\] and activated charcoal particles \[[@pone.0146766.ref022]\]) that are trapped within the mucus layer.

Here, we employed a novel microscopic technique, digital holographic microscopy (DHM), which for the first time, allowed to make direct microscopic observations of mucus production in the CWC *L*. *pertusa*. The key advantage of DHM is the quantitative nature of the optical phase information that is recorded, which allows the visualization of transparent mucus in aqueous solutions and even enables to distinguish different mucus types. We imaged mucus production in response to various stimuli: (a) exposure to sediment particles and commonly used activated charcoal particles, (b) exposure to the food particle *Artemia salina* as mucus production may be involved in the feeding process \[[@pone.0146766.ref023],[@pone.0146766.ref024]\], and (c) exposure to air as this is a common method to 'harvest' mucus from shallow-water corals \[[@pone.0146766.ref010],[@pone.0146766.ref018]\]. The DHM technique allowed us to observe polyp behaviour, mucus production and identify mucus types at the μm-scale in laboratory incubations. Most importantly, DHM imaging occurred (1) *in vivo*, (2) without using stains and (3) in a non-invasive manner.

Materials and Methods {#sec002}
=====================

Specimen collection {#sec003}
-------------------

Colony fragments of *L*. *pertusa* were carefully collected by a ROV (Remotely Operated Vehicle) deployed from the Research Vessel "MS Gunnerus" in the Trondheimsfjord (Norway) on 21 and 24 May 2013. This project was part of a research project from the Research Council of Norway and included the permission to collect and study the protected species *L*. *pertusa* from the Trondheimsfjord. The collection of *L*. *pertusa* fragments was done exclusively for research purposes, involved a minimal number of small colonies and was carried out using a ROV, modified with the front to receive a basket where corals were gently collected one by one to avoid any collateral damage. Coral fragments were first maintained at the nearby biological station of NTNU (Trondheim, Norway), before being transported to the International Research Institute of Stavanger laboratory facilities (IRIS, Mekjarvik, Norway) on 6 June 2013. Here, the corals were kept in containers (60 L) with flow-through seawater conditions (7.5 ± 0.2°C, salinity 33 ± 0.5) and in the dark to reduce fouling. They were fed two to three times a week with a solution of live *Artemia salina* nauplii (a common food source for *L*. *pertusa* kept in laboratory conditions). The experiments in this study were conducted throughout December 2013.

Prior to microscopic imaging, individual *L*. *pertusa* fragments were carefully transferred (while maintained underwater) to smaller DHM-adapted flow-through chambers and left to acclimatize until the polyps extended their tentacles again (at least 1 h). The flow chambers were acrylic cylinders (9.9 cm inner diameter holding approximately 615 mL of water). A continuous flow-through of seawater was maintained with a peristaltic pump set at approximately 10 mL min^-1^, sufficient to ensure circulation of water in the chambers and a renewal of the total water volume within approximately 1 h. The DHM imaging set-up was installed in a temperature-stable working space (17°C), while the running seawater was maintained at a temperature of 7.5 ± 0.2°C. DHM imaging was not carried out in the dark, as *L*. *pertusa* is a deep-sea coral that is known to not be sensitive to light \[[@pone.0146766.ref016],[@pone.0146766.ref018]\].

Imaging technique---digital holographic microscopy {#sec004}
--------------------------------------------------

Recent improvements in computing and processing capabilities have enabled the use of digital holography as an imaging tool in a wide range of applications in the life sciences \[[@pone.0146766.ref025],[@pone.0146766.ref026]\] but also the marine sciences \[[@pone.0146766.ref027]\]. One main advantage of DHM over classical bright-field microscopy is its ability to obtain quantitative phase information (see Zetsche et al. \[[@pone.0146766.ref027]\] for a more detailed review of the DHM technology and the advantages of quantitative phase information for oceanographic applications). In contrast to light microscopy, where only differences in light intensity between the background and object are captured, DHM additionally records the phase information, and this way, enables the visualization of differences in optical path length (OPL) \[[@pone.0146766.ref028]\]. The OPL is the product of the geometric length of the path a light propagates along, and the refractive index of the medium that it passes through. Light passing through substances, which have the same geometric length but different refractive indices, will correspond to a difference in OPL. The resulting optical path length difference (OPD) is calculated from the phase information recorded by the DHM. In other words, two objects that are both transparent but have a different refractive index (e.g. polymeric substances and mucus extruded by aquatic organisms in seawater) will be distinguished by DHM through the measurement of OPD, but not by traditional light microscopy \[[@pone.0146766.ref029]\].

The digital holographic microscope employed in this study was an oLine D^3^HM (hereafter referred to as D^3^HM) developed by Ovizio Imaging Systems (Belgium), which uses an off-axis self-interference approach based on the principle of differential digital holographic microscopy. Still images and videos were taken and processed with OsOne software (version 3.2), provided with the D^3^HM. In 'live' mode the hologram can be directly inspected on a monitor, which was used for the detection of (transparent) substances in real-time. For each captured image, the software provides the source hologram, the light intensity and phase image derived from the hologram, as well as a false-coloured 3D rendition of the quantitative phase information. The human eye has difficulty in seeing minor changes in grey level so that the phase information is more clearly visualized with false colouring. False colours are automatically assigned by the program to the spread of values within one image to enhance the contrast and make differences more visible to the observer. Blues indicate the lowest values of OPD, increasing via greens and yellows to red colours. The D^3^HM was used with a red LED light (630 nm), and a Leica 4x objective. The objective provided a field of view of approximately 1.6 x 1.6 mm and a suitable working distance to the coral polyps to allow imaging of *L*. *pertusa* in the flow chambers and thus in a controlled environment ([Fig 1A and 1B](#pone.0146766.g001){ref-type="fig"}).

![Experimental set-up.\
A: The imaging set-up includes the digital holographic microscope (D^3^HM) and its computer interface, with a flow chamber placed on the microscope stage. Arrows indicate the direction of the water flow. B: Example of a coral fragment in a flow chamber positioned on the microscope stage ready for imaging. The red light dot is generated by the incident LED beam of the D^3^HM. C: Sketch of one of the corals used in this study, exemplifying the observation paths that were followed before and after exposure to different stimuli.](pone.0146766.g001){#pone.0146766.g001}

Imaging within flow chambers {#sec005}
----------------------------

Individual fragments of *L*. *pertusa* used in the experiment were small, consisting of 9--15 polyps. Polyps were positioned to be within the working distance of the D^3^HM without touching the flow chamber walls or base. Once in position, a sketch was drawn to define appropriate observation paths along the fragment ([Fig 1C](#pone.0146766.g001){ref-type="fig"}). Along these paths, the corals were observed in real-time and sequences of still images were captured. Particular areas of interest were video-imaged at frame rates of 1--5 frames s^-1^. In each experiment, at least one full observation path from a polyp's base to its calice (i.e. the upper oral surface of a polyp) was executed along the theca, and two polyps were imaged per fragment ([Fig 1C](#pone.0146766.g001){ref-type="fig"}). Corals were observed in the flow chamber while being exposed to different stimuli as described below. A new sequence of images was taken along the same observation path for each new stressor for comparative purposes. Reactions to the stressors were similar for each of the three fragments used in this study. Photographs of the coral fragments before and after particle exposure were additionally taken using a Panasonic Lumix DMC-FT1.

Application of stressors {#sec006}
------------------------

Each experiment was conducted following a similar procedure. After acclimatization in the flow chamber, the initial state of the coral fragment under observation was imaged to define the 'natural' background condition before perturbation. Subsequently, on different days, three different coral fragments were exposed to several types of stimuli: (a) suspended particles (activated charcoal, drill cuttings particles), (b) a solution of freshly harvested live *Artemia salina* nauplii, and (c) air exposure.

In the suspension treatment, a solution of either charcoal particles (average grain size \~30 μm) or water-based drill cuttings (fine silt particles \<63 μm, predominantly \~20 μm; final solution of 25.38 ± 10.95 mg L^-1^) was added gently with a Pasteur pipette into the flow chamber close to the coral. Imaging commenced immediately after the addition of the stimuli. In the food addition treatment, a solution of *A*. *salina* nauplii was added to the flow chamber in the vicinity of the polyps in a similar manner as the suspended particles. Again, imaging commenced immediately after exposure to the stimulus. To fragment number 1, the suspension of *Artemia* nauplii was applied first, before later applying suspended particles. For fragment numbers 2 and 3, the order of application was reversed. In general, exposure to the different suspensions was separated by at least 2 h. Fragment 3, after the particle additions and a given recovery period, was also exposed for 2 min to the air of the temperature-controlled room (17°C), and subsequently returned to the flow chamber for immediate imaging (i.e. 'air exposure treatment').

Results {#sec007}
=======

No mucus was observed along the theca or tentacles of coral fragments in control conditions, i.e. maintained in flow-through experimental chambers before exposure to stimuli ([Fig 2](#pone.0146766.g002){ref-type="fig"}). However, all applied stimuli induced mucus production.

![Example of a coral polyp not exposed to stimuli.\
A merged hologram image is shown for one polyp along the observation path. Dark areas = polyp (opaque to the DHM LED beam), light area = surrounding seawater medium (transparent to the DHM LED beam). No mucus layer or strings were detected along any part of the observation path.](pone.0146766.g002){#pone.0146766.g002}

Mucus production following particle exposure {#sec008}
--------------------------------------------

Exposure to suspended particles such as activated charcoal particles or drill cuttings initiated localized mucus production ([Fig 3](#pone.0146766.g003){ref-type="fig"}). Both particle types induced the production of string-like and sheath-like structures of various sizes and consistencies that were apparently bound by thin interconnecting secretions ([Fig 3A--3C](#pone.0146766.g003){ref-type="fig"}). The presence of mucus strings was often visible with the naked eye due to the entrapment of particles ([Fig 3D--3F](#pone.0146766.g003){ref-type="fig"}). Surprisingly however, the mucus that connects the particles could not be visualized with D^3^HM imaging ([Fig 3A--3C](#pone.0146766.g003){ref-type="fig"}), not even when strings were placed on a glass slide to remove any potential interferences from the acrylic base of the flow chamber ([Fig 3G--3I](#pone.0146766.g003){ref-type="fig"}). In the false-coloured phase image close-up of mucus strings running from the top to the bottom of the image at the positions indicated by the red arrows ([Fig 3I](#pone.0146766.g003){ref-type="fig"}), we clearly see the peaks in OPD that are generated by the particles (grey arrows in [Fig 3G--3I](#pone.0146766.g003){ref-type="fig"}), yet no connective (mucoid) substance is observed between the particles. This is exemplified in [Fig 3G--3I](#pone.0146766.g003){ref-type="fig"} where the white arrows indicate two positions where you would expect a 'line' of higher OPD compared to the background running between the particles. Red colours depict the highest OPD values found in [Fig 3I](#pone.0146766.g003){ref-type="fig"}, whilst green colours depict OPD of \~0 μm, which dominates this captured image; the OPD of the connections is equal to the background seawater medium. This becomes more clear when OPD profiles are drawn across the particle string (blue bars), first, across a particle of the string (blue bar '1', [Fig 3I](#pone.0146766.g003){ref-type="fig"}) as well as an area where you would expect the connective mucoid substance to run along connecting the particles (blue bar '2' in [Fig 3I](#pone.0146766.g003){ref-type="fig"}). The profile of the blue bar '2' shows an OPD of 0.008 μm, which is essentially the same as the background noise value. In comparison, a profile drawn across a particle as indicated in [Fig 4I](#pone.0146766.g004){ref-type="fig"} with blue bar '1' will measure an OPD of 0.137 μm, an almost 20-fold higher value. These findings indicate that, contrary to the mucus produced following air exposure (OPD of \~0.06 μm, see below), the OPD of the exuded mucoid substance following particle exposure is very low and comparable to that of seawater.

![Mucus release after addition of charcoal particles.\
String-like (A-B) and sheath-like (C) formation of mucus occurs along theca of the polyp. Entrapped activated charcoal particles render the mucus strings visible to the naked eye (D-F). Black arrows in E-F highlight the change in position of particles along the theca. Light intensity image (G), phase image (H) and zoomed in false-colour phase image (I) of the selected area in H of particle-laden strings placed on a glass slide. The position of two particle-laden strings running from the top to the bottom of the image are indicated with red arrows. Grey arrows in G-I point at some of the activated charcoal particles of the left mucus string as examples, whilst the white arrows indicate where mucus is likely to be present connecting particles, although the OPD is not different enough from the surrounding seawater to visualize the mucus with the D^3^HM (I) (i.e. OPD remains at the background level). Blue bars (numbered 1 and 2) depict where profiles of optical path length differences (OPD) were measured. Blue bar '1' crosses a particle of the string, whilst blue bar '2' crosses the mucus string at a position where we would expect the presence of mucus. The scale bar shown in (I) depicts the range in OPD applicable to the image, from its lowest values in the blues to its highest values in the red in μm.](pone.0146766.g003){#pone.0146766.g003}

![Mucus release after addition of food particles.\
(A) *Artemia salina* individuals entrapped in mucus strings. The arrows indicate strings extending from the polyp calice towards the surface of the water in the flow chamber. (B) The alignment of trapped *A*. *salina* and small particles clearly hint at the presence of a mucus string (white arrow) in the light intensity image (B-I), yet the optical path length differences (OPD) of these strings were not sufficiently different from the surrounding seawater to visualize them using DHM as shown in the phase image (B-II) and (zoomed in) false-coloured phase (B-III) image, respectively. The polyp and shrimp are outlined in B-II for clarity. The scale bar shown in (B-III) depicts the range in OPD applicable to the image, from its lowest values in the blues to its highest values in the red in μm.](pone.0146766.g004){#pone.0146766.g004}

String- and sheath-like mucus was predominantly found in the thecal regions and rarely around the tentacles despite the particle solution being added with a Pasteur pipette along all areas of the polyp. The particle-laden mucus strings and sheaths were generally moving from the polyp's calice to the base ([S1 Video](#pone.0146766.s001){ref-type="supplementary-material"}), where they accumulated on the theca ([Fig 3E and 3F](#pone.0146766.g003){ref-type="fig"}). [Fig 3E](#pone.0146766.g003){ref-type="fig"} shows the position of particles approximately 30 min after they were added close to the polyp (t = 0.5h). Within the next 15 min, particles formed more dense particle- and mucus-laden sheaths, which emerged along the theca of the polyps. Another 15 min later (t = 1h, [Fig 3F](#pone.0146766.g003){ref-type="fig"}), clear bands of particle sheaths had accumulated at the base of the polyps and further below at the bases of the various branches of a fragment.

Mucus production following the addition of *Artemia salina* {#sec009}
-----------------------------------------------------------

The corals displayed various reactions when *A*. *salina* nauplii were added to the flow chambers. No immediate release of mucus (widespread or localized) was observed along the observation paths and tentacles were retracted. After approximately 10 min, however, several *A*. *salina* specimens appeared to be caught and adhered to the coral surface despite efforts to break free, most likely as a result of activated stinging cells (nematocysts), or other cnidae types such as spirocysts that produce sticky webs. *Artemia salina* individuals were also entrapped in mucus strings up to several cm long that were visible by naked eye and predominantly started from the calice ([Fig 4A](#pone.0146766.g004){ref-type="fig"}). Like in the 'particle' treatment, some of the mucus strings that were formed after the addition of *A*. *salina* nauplii had a refractive index that was not sufficiently different from the surrounding seawater to enable visualization with the D^3^HM ([Fig 4BI--4BIII](#pone.0146766.g004){ref-type="fig"}). However, other mucus strings were denser and could be detected ([Fig 5](#pone.0146766.g005){ref-type="fig"}), in particular within the false-coloured phase image ([Fig 5B-III](#pone.0146766.g005){ref-type="fig"}). The OPD for the profile through the '*Artemia'* mucus (blue bar '1', [Fig 5B-III](#pone.0146766.g005){ref-type="fig"}) is 0.019 μm and almost 20-fold higher than profile measurements of the surrounding seawater (0.001 μm, blue bar '2'), but almost three times lower than for mucus released after air exposure (see next section).

![Detailed observation of mucus strings connecting entrapped brine shrimp.\
(A) Two *Artemia salina* nauplii (As) were connected by mucus strings that contain mucus similar in refractive index to the surrounding seawater, but also particles (black arrows) and mucoid substances having a higher refractive index compared to the surrounding seawater (indicated by white arrows) in the light intensity image. The *A*. *salina* on the left is also attached to a polyp of *Lophelia pertusa* (Lp). (B) A close-up section of the light intensity image (B-I, white and black arrows are in the same position as in A) is already able to discern the presence of some mucoid substance (white arrows), yet it is only in the phase (B-II) and false-coloured phase image (B-III) that we see the full extent of mucus present (see grey arrows). Blue bars (1 and 2) depict where profiles of optical path length differences (OPD) were measured. The scale bar shown in (B-III) depicts the range in OPD applicable to the image, from its lowest values in the blues to its highest values in the red in μm.](pone.0146766.g005){#pone.0146766.g005}

In addition, the D^3^HM images suggest that several other mucus types were formed in the presence of *A*. *salina*. In one example, an individual nauplius was covered with mucus whilst it was being captured and digested ([Fig 6A](#pone.0146766.g006){ref-type="fig"}). Mucus of similar optical properties was also observed in accumulations in its direct proximity ([Fig 6B](#pone.0146766.g006){ref-type="fig"}, [S2 Video](#pone.0146766.s002){ref-type="supplementary-material"}) and was presumably exuded in relation to digestive processes. Note how the mucus in [Fig 6A-III and 6B-III](#pone.0146766.g006){ref-type="fig"} is clearly visible in the phase images (see arrows) compared to the intensity image ([Fig 6A-I and 6B-I](#pone.0146766.g006){ref-type="fig"}) where only individual particles entrapped in the mucus are observed. Finally, more discriminate 'mucus string balls', i.e., mucus strings that have been rolled up into ball-like formations, were clearly observed ([Fig 7](#pone.0146766.g007){ref-type="fig"}). These mucus string balls were only seen when fragments were exposed to *A*. *salina* and then only in close proximity to *A*. *salina* individuals.

![Mucus release associated with digestive processes.\
(A) An *Artemia salina* nauplius (As) that had been ingested was pushed out of the mouth opening of a *Lophelia* polyp and evidently had mucus attached to it (arrows). (B) Mucus (arrow) associated with the entrapment and potential digestion of the same *A*. *salina* individual now found more directly in the mouth area at a later time point. Subfigures I, II and III are the light intensity, phase and false-coloured phase image, respectively. The polyp and nauplius' outlines are presented in A-II and B-II for clarity. Note that the phase images here show an uneven background in the seawater medium due to artefacts on the flow chamber base found at a different focus plane. The scale bars shown in (A-III) and (B-III) depict the range in optical path length differences applicable to the images, from its lowest values in the blues to its highest values in the greens in μm.](pone.0146766.g006){#pone.0146766.g006}

![Examples of mucus 'string balls'.\
(A) A string ball seen floating among *A*. *salina* individuals. (B) A string ball (white arrow) next to a particle-laden mucus sheath (red arrow). Subfigures I, II and III are the light intensity, phase and zoomed in false-coloured phase image, respectively. The polyp and nauplius outlines are presented in A-II and B-II for clarity. The scale bars shown in (A-III) and (B-III) depict the range in optical path length differences applicable to the images, from its lowest values in the blues to its highest values in the reds (for A-III) and in the greens (for B-III) in μm.](pone.0146766.g007){#pone.0146766.g007}

Mucus production following air exposure {#sec010}
---------------------------------------

Mucus was observed by naked eye to be dripping off the coral fragment after it was exposed to air for 2 min. Upon re-introduction into the flow chambers, this released mucus was clearly observed with the D^3^HM. The same response was observed for two other fragments, which were stimulated in parallel, and which had been exposed some weeks before to drill cuttings (data not shown) ([Fig 8](#pone.0146766.g008){ref-type="fig"}). Mucus in the chamber water was always seen in close proximity to the coral fragments. In [Fig 8A](#pone.0146766.g008){ref-type="fig"}, the hologram image depicts the mucus which was moved by the water flow along the mouth area and tentacles of a *L*. *pertusa* polyp. The advantages of DHM in observing transparent substances become more obvious in the close-up views presented in [Fig 8B](#pone.0146766.g008){ref-type="fig"}. The hologram ([Fig 8B-I](#pone.0146766.g008){ref-type="fig"}), as observed in live mode on the screen during the experiment, already detects the presence of mucoid substances along the theca of the polyp. However, it is in the subsequent phase image ([Fig 8B-II](#pone.0146766.g008){ref-type="fig"}) where these structures are more clearly identified as white areas (see arrow), indicating an increased OPD compared to the surrounding seawater. The profiles drawn across the mucus (blue bar '1' as indicated in [Fig 8B-III](#pone.0146766.g008){ref-type="fig"}) gives an OPD of 0.062 μm whilst the profile drawn across the interstitial space (blue bar '2", [Fig 8B-III](#pone.0146766.g008){ref-type="fig"}) has an OPD of 0.002 μm.

![Mucus release after exposure of *Lophelia pertusa* to air and re-introduction into the seawater medium.\
(A) Hologram image of mucus observed close to the mouth of a polyp. Mucoid material is also shown along a thecal part of a polyp in image series (B) where (B-I) is the initial hologram, (B-II) the phase image, and (B-III) the zoomed-in false-coloured phase image. The white arrow highlights the mucus, which stands out more clearly in the phase information image and false-coloured phase image compared to the hologram. Blue bars (1, 2) depict where profiles of optical path length differences (OPD) were measured. The scale bar shown in (B-III) depicts the range in OPD applicable to the image, from its lowest values in the blues to its highest values in the red in μm.](pone.0146766.g008){#pone.0146766.g008}

Discussion {#sec011}
==========

Observing mucus release with DHM {#sec012}
--------------------------------

Digital holographic microscopy (DHM) offers a novel technique to study the behaviour and physiology of mucus-secreting aquatic organisms in vivo at the micrometre to centimetre scale. Here, the technique was applied for the first time to study the dynamics of mucus release by the CWC *Lophelia pertusa*. In general, no mucus production was observed as long as the corals were not exposed to any form of stimuli. All stimuli examined here (particle suspensions, food addition, air exposure) resulted in mucus release by the coral, but our data show that the type and quantity of the mucus released by *L*. *pertusa* depended on the stimuli. Although all stimuli induced some type of mucus release, some mucus types could be clearly visualized by the D^3^HM technique and other types not. When visualization was not possible, this implies that the mucoid substance had an OPD that is comparable to seawater, i.e. the mucus is delicate and 'watery'. Other polymeric substances exuded in seawater (e.g. transparent exopolymeric particles and extracellular polymeric substances derived from algae) have been recently observed with the D^3^HM, yet also with a varying degree of success, depending on the refractive index and consistency of the marine gels (E. Zetsche, unpubl. data). The observation that different types of mucus are released by CWCs is important from a metabolic perspective, especially as the production of watery mucus presumably requires less energy expenditure than mucus with a measureable OPD. Larsson et al. \[[@pone.0146766.ref017]\] already suggested that the energy investment in mucus production must indeed be low for *L*. *pertusa* when exposed to sedimentary particles.

Different mucus types have been noted previously for tropical shallow-water corals \[[@pone.0146766.ref030],[@pone.0146766.ref031]\]. Examining the tropical coral *Fungia* sp., Duerden \[[@pone.0146766.ref032]\] already noted two different types of mucus, a 'thin watery mucus' associated with nutritive particles compared to a more 'shred or membrane-like' mucus associated with non-nutritive particles. Wild et al. \[[@pone.0146766.ref033]\] also suggests the presence of a soluble fraction as well as a less-soluble fraction of mucus that are released from *Acropora* sp. that have different effects on the mucus' role as energy carrier and particle trap. The variability in composition, form and properties of coral mucus has been extensively reviewed for tropical shallow-water corals by Brown and Bythell \[[@pone.0146766.ref018]\] and more recently, by Bythell and Wild \[[@pone.0146766.ref034]\], but further studies will need to address this more thoroughly, particularly for CWCs and other deep-sea corals in warm waters such as the Red Sea. In addition, future analyses should consider more thoroughly the role of cnidocysts as a mucus component since these are predominantly composed of mini-collagens \[[@pone.0146766.ref035]\] and will contribute to the optical as well as physical properties of mucus.

During all our experiments we could not observe the presence of an outer mucus layer along the coral skeleton, as has previously been shown for tropical shallow-water corals \[[@pone.0146766.ref022]\] and which provide a suitable habitat for a diverse range of symbiotic micro-organisms \[[@pone.0146766.ref036],[@pone.0146766.ref037]\]. Molecular studies also describe a specific, presumably symbiotic, bacterial community associated with *L*. *pertusa* \[[@pone.0146766.ref038]\], and recently, the microbially-mediated processes of nitrogen fixation and de-nitrification were found to be active in *L*. *pertusa* \[[@pone.0146766.ref039]\]. We do not exclude that a surface mucus layer exists on the epidermis. However, our DHM imaging shows that it must be considerably thinner than the 145 to 700 μm thick layers that have been observed on some massive tropical corals \[[@pone.0146766.ref022]\]. A strongly reduced outer mucus layer may be one adaptation by which CWCs reduce energy investments in a food-limited environment.

Particle removal by *Lophelia pertusa* {#sec013}
--------------------------------------

In their natural environment *L*. *pertusa* can be exposed to higher sediment concentrations due to local high bottom currents, but also higher particle loads where human activities such as offshore drilling operations \[[@pone.0146766.ref040]\] or bottom fish trawling \[[@pone.0146766.ref041]\] occur. In accordance with previous studies \[[@pone.0146766.ref016],[@pone.0146766.ref019],[@pone.0146766.ref042]\], the upper parts of the polyps and tentacles of *L*. *pertusa* were freed of particles very rapidly. Our *in vivo* observations indicate that particles do not easily settle onto the tentacles in the first place, and that particles are actively being moved along the tentacles by cilia ([S3 Video](#pone.0146766.s003){ref-type="supplementary-material"}), as already observed by Gass \[[@pone.0146766.ref042]\]. We cannot confirm whether mucus was involved in the process of particle rejection mediated by this ciliary movement. When particles settled on the coral's surface, *L*. *pertusa* tended to trap particles in mucus strings and sheaths as previously documented by Allers et al. \[[@pone.0146766.ref015]\]. This response was the same for all fragments, irrespective of whether suspended particles were applied first, or with some time delay after the addition of *Artemia*. The same response also occurred in fragments that had been subjected to suspended particle solutions without any *Artemia* addition (data not shown). We observed that mucus release was a rather localized phenomenon, with strings predominantly found along the theca and regions between individual polyps. The strings were, however, moved around by water turbulence and ciliary movement, which led to their compaction and eventual detachment from the corals. Similarly, Lewis and Price \[[@pone.0146766.ref043]\] mention how converging currents along polyps roll up mucus filaments into bundles trapping particles being driven off the polyp surface. Shapiro et al. \[[@pone.0146766.ref044]\] recently showed that overall mass transport of nutrients and oxygen in tropical corals is increased through strong vortical flows driven by cilia and we speculate that such vortices may also prevent particle settling on the coral surface. During our experiments we noticed circular motions of particles and mucus balls ([S2](#pone.0146766.s002){ref-type="supplementary-material"} and [S4](#pone.0146766.s004){ref-type="supplementary-material"} Videos), which suggest that flow patterns with vortices were also driving mucus transport in *L*. *pertusa*. In addition to these small-scale movements, the low settling rate of particles may further be related to the branched morphology of *L*. *pertusa* \[[@pone.0146766.ref015]\] and ambient currents \[[@pone.0146766.ref045]\]. *Lophelia pertusa* is preferentially found at locations with elevated bottom currents, which may aid to remove the produced mucus with the entrapped particles.

The tentacles and upper parts of polyps were freed of particles very rapidly, possibly to maintain feeding capacity during high ambient particle concentrations. The particles, often entrained in mucus, that remained attached to the surface eventually accumulated on the tissue-free parts of the skeleton at the base of the polyp ([Fig 3E and 3F](#pone.0146766.g003){ref-type="fig"}), which is in accordance with earlier findings \[[@pone.0146766.ref016],[@pone.0146766.ref017],[@pone.0146766.ref019]\]. These particle accumulations may eventually be removed, but complete shedding of accumulated sediment may take up to 9 h \[[@pone.0146766.ref021]\]. Or, particle accumulations, irrespective of whether originally from natural sediments or human activities (e.g. drill cuttings), may become persistent on the tissue-free (i.e. bare) skeleton \[[@pone.0146766.ref017]\] and lead to tissue smothering on adjacent living tissue \[[@pone.0146766.ref045]\].

Stimulation of mucus release by *Artemia salina* {#sec014}
------------------------------------------------

Cnidocyte firing and tentacle movement in combination with mucociliary feeding is a common feeding mechanism for scleractinian corals \[[@pone.0146766.ref024],[@pone.0146766.ref046]\]. Cnidocytes are stinging cells used to capture prey, and *L*. *pertusa* is known to have batteries of these in its tentacle ectoderm \[[@pone.0146766.ref019],[@pone.0146766.ref047]\]. Mortensen \[[@pone.0146766.ref016]\] notes that the capture of food particles occurs via nematocyst adhesion and tentacle movement in *L*. *pertusa*, which may explain the reduced movement of *A*. *salina* as they become intoxicated and get caught along the mucus strings that we observe. No stinging cells were directly observed but most likely this is a result of the low magnification (4x) used in this study, as isolated nematocysts from sea anemones have been successfully visualized with differential digital holographic microscopy technology at higher magnification (40x) (E. Zetsche, unpubl. data).

We observed the entrapment of *A*. *salina* in mucus strands, confirming similar observations by Purser et al. \[[@pone.0146766.ref023]\]. Furthermore, [Fig 5A](#pone.0146766.g005){ref-type="fig"} clearly shows how the mucus strings originate at the mouth of the polyps and are stretched and aligned due to the water flow conditions within the chamber, reinforcing the more general observation for scleractinian corals that mucus is released from the epidermis of the oral disk as polyps initiate their preparatory feeding posture \[[@pone.0146766.ref046]\]. We also observed distinctive mucus string balls in association with the addition of *A*. *salina*, however, whether these may be related to digestive processes remains unexplained and would require further study. Compared to the mucus strings that formed during sediment exposure, the mucus resulting from exposure to *A*. *salina* seems to show greater compositional variation, with some strings being observable with the D^3^HM and others not. Mucus observed during *L*. *pertusa*'s exposure to *A*. *salina* may have a higher OPD due to a higher content of cnidae in the expelled mucus in response to food exposure and this effect will need to be addressed more clearly in future studies. Nematocysts may have a role in digestion, since some of the venoms are enzymes \[[@pone.0146766.ref048]\], yet most of the cnidae in the tentacles will be spirocysts, producing sticky webs (S. Strömberg, pers. comm.).

Duerden \[[@pone.0146766.ref030]\] already noted that differences in the type of mucus produced exist and that the consistency can also change over time in several Hawaiian coral species. The mucus associated with nutritive particles was dissimilar to that associated with sediment removal \[[@pone.0146766.ref032]\]. For *L*. *pertusa*, observations by Mortensen \[[@pone.0146766.ref016]\] do not suggest mucus nets to be an important feeding mechanism, however, he does suggest the presence of small amounts of mucus in association with the loss of captured prey items i.e. the presence of mucus associated with digestive processes. This supports our observations of mucus being directly attached to an *A*. *salina* individual that was in the process of being digested ([Fig 6](#pone.0146766.g006){ref-type="fig"}). Mucus is therefore involved in the handling and ingestion of food items in *L*. *pertusa*, however, to what extent is a question that will require additional studies.

Exposure of *L*. *pertusa* to air {#sec015}
---------------------------------

Significant mucus production was observed visually and with the D^3^HM when *L*. *pertusa* was exposed to air. Large mucus sheaths were observed, which differed in extent and structure from the mucus that was observed in response to particle exposure and food addition. The air exposure treatment was applied as the last of the various stressors, and we cannot exclude potential cumulative effects. However, the visual appearance of mucus produced was distinctly different compared to the other stress-induced reactions. Despite care to only handle the fragment at its base, a higher OPD may be the result of having a higher presence of the large cnidocysts from the acontia-like free coils in the expelled mucus, given that air exposure is comparable with a predatory attack to the coral, and thus eliciting a defensive reaction. Significant amounts of these cnidae types have been found in the mucus from *L*. *pertusa* held in The Sven Lovén Centre for Marine Sciences (Tjärnö, Sweden) upon air exposure \[[@pone.0146766.ref049]\], a so far largely neglected aspect, which will also require further investigation in the future. Air exposure is a method that is commonly used to collect coral mucus for microbial and biogeochemical investigation \[[@pone.0146766.ref018], [@pone.0146766.ref031]\]. Consequently, it is questionable whether the mucus collected this way is also representative of mucus associated with 'routine' sediment rejection and digestive processes, confirming the suggestion by Brown and Bythell \[[@pone.0146766.ref018]\] that different types of mucus with different properties may be produced within a coral colony.

Conclusions {#sec016}
===========

Mucus production and transport by the cold-water coral *L*. *pertusa* was visualized for the first time in real-time at the μm-scale with a state-of-the-art holographic microscope (D^3^HM). Our results demonstrated that *L*. *pertusa* produced different mucus types in response to various stimuli, ranging from mucus strings, sheaths and 'string balls'. The measurements of OPD profiles with the D^3^HM enabled to quantitatively differentiate between the various mucus types. Mucus release played an important role in particle removal, which occurred predominantly in the form of mucus string formation. Mucus was also involved in prey capture, retention and digestion. Overall, it appears that mucus production of *L*. *pertusa* is adapted to a food-limited environment. Our data show that mucus production by CWCs occurs in response to specific stimuli and that mucus is generally a localized dynamic process. Mucus appears to be treated by CWCs as a precious resource: mucus production is tightly regulated and is induced for specific 'targeted' activities (particle removal, feeding). Given the importance of this species for the entire reef ecosystems, further studies using novel observation techniques such as the DHM in combination with other biogeochemical tools, are necessary to confirm our observations and to fully characterize and quantify mucus production to assess the full energy budget of *L*. *pertusa*.

Supporting Information {#sec017}
======================

###### Movement of particle-laden mucus strings.

Activated charcoal particles entrapped in mucus strings are moved along the thecal walls of *Lophelia pertusa* from the mouth area (upper edge) towards the lower parts and eventually base of the polyp (lower edge). (Video was captured at 1 frame s^-1^ and is shown at 2x speed).

(MP4)

###### 

Click here for additional data file.

###### Mucus release associated with the digestion of the shrimp nauplius *Artemia salina* by *Lophelia pertusa*.

First the light intensity information is displayed before the phase information is shown. In the latter, lighter areas clearly depict mucoid substances being released from the mouth area located in the central part of the image. The polyp shown corresponds to the one shown in [Fig 7](#pone.0146766.g007){ref-type="fig"} where an *Artemia* becomes visible after its egestion at a later time point. (Video was captured at 1 frame s^-1^ and is shown in real-time).

(MP4)

###### 

Click here for additional data file.

###### Cilia along tentacles remove particles.

The movement of (activated charcoal) particles along the tentacles of a *Lophelia pertusa* polyp is always towards the tips of the tentacles. (Video was captured at 1 frame s^-1^ and is shown at 2x speed).

(MP4)

###### 

Click here for additional data file.

###### Vortical movement of particle strings.

Along the polyp surfaces particle strings were observed to follow circular motions on several occasions, here exemplified by one such incident. (Video was captured at 1 frame s^-1^ and is shown at 4x speed).

(MP4)

###### 

Click here for additional data file.
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